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Abstract 

Epitaxial thin films of charge-ordered Pro.62sCao.375Mn03 have been studied using variable tem- 
perature Scanning tunneling microscopy and spectroscopy (STM/STS). The as grown films were 
found to be granular while the annealed films show atomic terraces at all temperatures and are 
found to be electronically homogeneous in 78-300K temperature range. At high temperatures 
(T>Tco ~ 230 K) the local tunnel spectra of the annealed films show a depression in the density 
of states (DOS) near Fermi energy implying a pseudogap with a significant DOS at Ep- The gap 
feature becomes more robust with cooling with a sharp jump in DOS at at Tqo an d with a gap 
value of ~0.3 eV at 78K. At low temperatures we find a small but finite DOS at Ep indicative of 
some delocalized carriers in the CO phase together with an energy gap. This is consistent with bulk 
transport, which shows weakening of the activation gap with cooling below 200K, and indicates 
the presence of two types of carriers at low temperatures. 
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The narrow bandwidth charge-ordered (CO) manganites have been of significant research 
interest for their intriguing physics [lj and application potential in memory applications as 
the insulating CO phase can be melted into metallic phase by various perturbations such 



as magnetic field, electric field and electromagnetic radiation . The manganites, in 

general, are best understood by Zener double-exchange mechanism 5| with modifications 

arising from electron-lattice coupling due to Jahn- Teller (JT) interaction 6|, |7|. The relative 

strength of the localizing JT interaction as compared to the hopping energy is an important 

parameter determining the electron mobility and bandwidth . The ferromagnetic ordering 

promotes hopping of carriers due to double exchange while an antiferromagnetic ordering is 

II 

expected to suppress it [7|. In narrow bandwidth (BW) manganites, like Pi 1 _ x Ca x Mn03 
(PCMO), the JT interactions dominate over hopping leading to the carrier trapping into 
localized JT polarons. These polarons hop with an activation energy as seen in the bulk 
transport at high temperatures [l,!^. Due to these strong JT interactions, PCMO does not 
show the insulator-metal transition under normal conditions. In particular, for the doping 
range 0.30<x<0.65, PCMO shows a CO transition in 170-240K temperature range with 
cooling [9(. 

In recent studies of PCMO manganites, the CO transition, structural transition and long 
range antiferromagnetic ordering have been investigated extensively by various experiments 
such as X-ray scattering, neutron scattering, optical conductivity and angle resolved pho- 
toemission spectroscopy (ARPES). The resonant X-ray scattering and neutron diffraction 



experiments reveal simultaneous structural and CO transitions [10 



ill, Hfllm 



14|. A long 



range CE-type antiferromagnetic orderin g h as also been found in bulk PCMO below T 



-170 K which is slightly below its Tco III, lljk 



CO with CE-type antiferromagnetic ordering 
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N 



bjL Thus the ground state of PCMO is 
13j |. In photoemission and optical mea- 



surements of PCMO, the sup pression of spectral weight around Tco shows a clear evidence 



of the CO transition [3|, [15]. The STM measurements of three dimensional CO mangan- 
ites like Ndo.5oSr .5oMn03 and Bi .24C , ao.76Mn 3 show a fully opened hard gap on the surface 
ltl 17 . is| in the CO phase. Renner et. al. have reported charge-ordering, with a hard 
gap, and charge disordered state with atomic resolution in layered Bi .24C , ao.76Mn0 3 single 
crystals [16|. In a bilayer manganite a hard gap is seen throughout a broad temperature 



range across insulator-metal transition 



19] . 



In this paper we present the temperature dependent scanning tunneling microscopy and 
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FIG. 1: (a)Topographic image of as-grown Pro.625Cao.375Mn03 films with scan size 
0.607/mix0.607^m at 295 K. Tunneling parameters are 1.0 V bias voltage and 0.2 nA tunnel 
current, (b) Topographic image of an annealed PCMO film taken at 295 K (bias = 1.0 V, I = 0.12 
nA, and image size = 1.24/imx 1.24/im). 

spectroscopy (STM/STS) of as grown and annealed epitaxial Pr .625Cao.375Mn0 3 thin films 
from 295 to 78K. As opposed to the as grown films, which are granular, the annealed films 
show atomically flat terraces with homogeneous tunneling density of states (DOS) at all 
temperatures with a pseudogap evolving into a more robust gap with cooling below Too- 
More interestingly, the bulk resistivity of the films shows a reduction in activation gap with 
cooling below 200 K. We discuss these results in terms of the existence of states at Ep 
together with a CO gap. 

Strain free epitaxial Pr .625Cao.375Mn03 thin films were grown on (110) surface of NdGa03 
substrates using laser ablation technique. These films were transferred to the STM cryostat 
with a very short exposure (<30 min) to the air. The topographic STM images of as grown 
films show a granular structure (see Figflji) with an rms surface roughness of ~10 nm. 
The STS conductance maps of the as grown films show marked electronic inhomogeneity 
that correlates well with the granular structure with the grain boundaries showing more 
insulating behavior than the grains. The spectra also show an enhancement in gap behavior 
with cooling; however, the changes in spectra are less sharp with cooling as compared to 
the annealed films, which are discussed further. The details of STM/S measurements have 
been discussed in an earlier publication [20] . For conductance imaging, an ac modulation 
voltage of 50 mV and frequency 2.571kHz was applied over the DC bias and corresponding 
modulation in current was detected using a lock-in amplifier. All the spectra reported here 
were acquired at a junction resistance of 10 GQ (1.0 V bias and 0.1 nA tunnel current). 
The zero bias conductance was found from the I-V spectra directly to avoid artifacts arising 
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FIG. 2: The resistivity measurements of annealed Pro.625Cao.375Mn03 films. The CO transition, 
at Tco=230 K, is clearly observable in the derivative plot of resistivity shown in the inset (a). 
Inset (b) shows the temperature dependent variation of activation gap (A(T)) value (see text for 
details). A(T) also shows a sharp jump near Tco- 

from the effects related to tip-sample capacitance in the ac-modulation technique. 

Recent X-ray absorption spectroscopy shows that the annealing of the manganite films 
in air helps to rule out the formation of Mn 2+ ions and oxygen deficiency with no effect 
on transition temperatures 2l|. Annealing also makes the surface atomically smooth 22] . 
Thus we annealed the as grown PCMO films at 800°C for eight hours in air to obtain a 
homogeneous and smooth surface and to ensure that we are probing the intrinsic surface. 
We present a topographic image of the annealed Pro.625Cao.375Mn03 film taken at 295 K in 
Figflb. The line scan of 295 K image in the inset of FigJTfc shows flat terraces separated 
by atomic height (0.40 nm ± 0.05 nm) steps. Such homogeneous film surface is more 
appropriate for probing intrinsic electronic inhomogeneities and variation in local DOS. We 
see similar terraces in the studied temperature range (295-78 K). The terraces in annealed 
films are formed due to diffusion of constituents at very high temperatures as opposed to 
the step-flow growth mode in films deposited at high temperature with very slow deposition 
rate. The latter type films show a uniform step terrace morphology [^(J. Sometimes, we 
also see steps with multiple unit-cell height and some screw dislocations (marked in Figj3k). 

The two probe resistivity measurement on these annealed films was carried out using a 
closed cycle helium refrigerator after performing the STM measurements. The p(T) data 
plotted in Fig[2] show a sudden rise in resistivity around 230 K which we attribute to the 
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onset of CO. This is more clear in the derivative plot shown in inset a of Figj2] These 



Pro.625Cao.375Mn03 films on NdGaOs substrates are almost strain free with T( 



230 K, 



nearly equal to the bulk Tco of 235 K in Pr .6ooCa .4ooMn03 single crystals [3j. We also 
note that the CO temperature is not affected significantly by annealing. The resistivity 
behavior is that of a gapped insulator, i.e. p{T) = p(T )exp [j^p — j. Here, A is the 
activation gap while p(Tb) is resistivity value at a given temperature To. For T>250K we 
can fit the resistivity to this form with a constant activation gap (A) of 0.062eV. For lower 
temperatures, we extract the temperature dependent activation gap value using relation 
A(T) = ksT + In {^f~y } > as derived from the activated resistivity. We have taken 

T =292K with A(T )=0.062eV. This A(T) is plotted in the inset b of FigfJ showing a rise 
in the gap value from 0.062eV above Tco to O.leV with cooling, which is ~5A;bTco [231 ] . 
Below 125K the gap starts to decrease, which may be interpreted either as a reduction of 
activation gap or, perhaps, another conduction mechanism beyond the activated behavior 
if the gap does not decrease. As discussed later from the tunneling spectra, we do not find 
a reduction in gap with cooling and in fact some states remain at the Fermi energy at low 
temperatures together with a gap; this we believe is responsible for the low temperature 
resistivity behavior. 

Figj3] shows the simultaneous topographic and conductance images of an annealed film 
at 190K. The conductance shows little variation in the local conductance on each of the 
terrace except for some defects which we believe arise from some chemical inhomogeneity 
in these non-stoichiometric films. There is a jump in conductance at the steps resulting 
from the feedback instability at the steps due to small feedback bandwidth. We see similar 
homogeneous conductance images at all the studied temperatures and thus we conclude that 
the film surface is electronically homogeneous. 

The temperature dependant tunneling spectra are shown in FigJ2K Here, we have plotted 
dlnl/dlnV vs V to normalize away the voltage dependence of the tunneling matrix element 
241 ] . Each plotted spectrum at a particular temperature is an average of about hundred 
spectra taken at different points of the sample surface to average over small variations. At 
295K, there is a V-shaped dip in the bias range of ±0.1 V with a weakly rising background 



in the spectra reflecting a pseudogap with non-zero DOS at E^. Simi 



also been observed in PCMO by photoemission and optical studies 



15 



ar pseudogap has 



251 ] . This pseudo- 



gap becomes more pronounced with cooling and a more robust gap starts appearing near 
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FIG. 3: Topographic and conductance images (size 0.372^mx0.401/im) of PCMO film at 190 K 
taken at 1.0 V dc bias with 0.10 nA tunnel current and an ac modulation voltage of 50mV. 

230K with cooling, which is qualitatively consistent with the resistivity activation behavior 
discussed earlier. 

By definition, the value of dlnl/dlnV is one at V = so it can not be used to make out the 
variations in DOS at E^. Therefore, we plot the zero bias conductance (ZBC), i.e. dl/dV 
at V = 0, as a function of temperature in FigSb- These ZBC values were found from the 
slope at V = of spatially averaged I-V spectra taken at a fixed junction resistance of 10 
Gfl at different temperatures. Two representative I-V spectra are also shown in the inset of 
FigHb- As seen in FigHk, the energy scale of the dip does not change much with cooling at 
Tco', however there is a marked change in the behavior of ZBC. 

We estimate the magnitude of the energy gap (2A) from separation between the two 
gap edges to be ~0.3 eV below 230 K. This is of the similar magnitude but slightly larger 
than the maximum resistivity activation gap, A= O.leV (see Figj2] inset b). This magnitude 
is also consistent with the optical conductivity measurements [3j. With further cooling, a 
more robust gap appears from 150K downwards with a marked change in the behavior of 
the spectra (see FigJUi) with sharper gap edges and nearly zero curvature near V = 0. We 
can also see a maxima in the normalized conductance just outside the positive bias gap edge 
for 150K and lower temperatures. The temperature below which a more robust gap appears 



111 



is close to the antiferromagnetic transition temperature, T^v ~ 170K of bulk PCMO 
However, we have not confirmed such antiferromagnetic ordering in our thin films. 

From FigHt we see that ZBC does not go to zero within the error bars indicating some 
carriers at E^ at low temperatures in CO phase. These error bars are found from the spread 
in ZBC as a function of position on the surface. Although general behavior of ZBC and 
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FIG. 4: (a) Temperature variation of tunnel spectra of annealed films taken with tunnel parameters 
of 1.0 V bias and 0.1 nA tunnel current. The spectral evolution from pseudogap to a hard gap 
indicates the CO transition around 230K. The dashed lines show an interval of 0.3eV indicating 
the scale of the energy gap. (b) The temperature variation of ZBC from 295K to 78K as found 
from the zero bias slope of the I-V spectra. Two I-V spectra are also shown in the inset. 



the gapped spectra agree with the bulk transport and makes us believe that we are probing 
the intrinsic bulk of the sample, the possibility of surface behaving differently from the 
)ulk can not be ruled out completely, as seen to be the case with some of the manganites 



3, 



26(| . Now if we compare the temperature evolution of the tunnel spectra and resistivity 



activation energy (Fig[5]D), we see that the activation energy above 260K is constant but 
small (~0.06eV) possibly giving rise to a thermally smeared (pseudo) gap-like feature in 
the tunnel spectra. We cannot distinguish between actual DOS at Ep from the thermally 
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activated DOS at this temperature. With cooling, the rise in resistivity activation gap is 
consistent with decrease in ZBC together with a more robust energy gap in tunnel spectra. 
Below 125 K, the activation gap decreases while the tunneling gap remains same (or even 
becomes stronger). However, the ZBC (or DOS at E_p) never goes to zero within the error 
bars even at the lowest temperatures. 

The temperature dependence of ZBC cannot be merely due to thermal activation of 
carriers across the gap as we can not fit an activated behavior of the type Exp(—A/ksT) for 
ZBC for T < Tco as the gap energy scale of ~0.15 eV is much larger than the thermal energy 
available at low temperatures. This CO is also known to be very susceptible to perturbations 
and can be easily melted into metallic phase. Further, the ferromagnetic correlations 



14j seen with neutron studies in PCMO without any perturbations can also delocalize 



carriers by double exchange mechanism and thus would be consistent with the states inside 
the gap. 

In broad bandwidth bilayer manganites, local (in k-space) pockets of quasi-particles were 
found, together with an energy gap, and were attributed to coherent polarons 28 L Our 
recent work on relatively broad bandwidth manganites LSMO [22| and LCMO 23] also 
showed a pseudogap with an increase in DOS at E F with cooling. These states could arise 
either from extended (or coherent) polarons 28j or from dynamic phase fluctuations [291 ] . In 
dynamic phase separation, one can have conducting regions and the CO insulating regions 
fluctuating on a very short time scale giving a time averaged DOS having signatures of both 
phases on STM measurement time scales. 

In conclusion, we find that the CO transition, observed by bulk transport in epitaxial 
P r o.625Ca .375Mn0 3 films at 230 K is marked by the opening of CO gap in tunnel spectra. A 
depression in DOS above Tco can be interpreted as a polaronic pseudogap, which evolves 
into a more pronounced CO gap with cooling. From the qualitative agreement of temperature 
dependence of the activation gap found from bulk transport with the finite DOS at Ep in 
tunnel spectra we believe that there are some delocalized states that coexist with the gapped 
charge-ordered states at low temperatures. 
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